A series of silica-supported cerium oxide samples having various cerium content were prepared by conventional impregnation method, followed by calcination in air. Ce L III -edge XANES study revealed that highly dispersed cerium oxide species on silica surface were predominantly in trivalent oxidation state and cerium oxide nano-particles on silica contain mainly tetravalent cation like as CeO 2 bulk oxide. This elucidated that UV absorption band at 265 nm is assignable to Ce(III) species dispersed on silica.
Introduction
SiO 2 -CeO 2 system such as Ce-containing glass has been known as for optical and photonics materials. 1, 2) Cerium oxide has a high chemical reactivity with silica to make Si-OCe bond, which was also well studied in the field for polishing mechanism of SiO 2 with CeO 2 .
3,4) Usually CeO 2 consists of Ce(IV) species with a minor portion of Ce(III). In SiO 2 matrix, Ce atom is believed to exist substitutionally as Ce(IV) or Ce(III) cation, and the ratio of these species varies with the Ce concentration and preparation method. 1, [5] [6] [7] These Ce species should show each photoabsorption band. However, the assignments have not been precisely determined; there are some variations in literature. This would be originated from the fact that UV absorption band of Ce species in silica system are much influenced by the structure or circumstance of Ce species. A band at 265 nm on the spectra of silica-supported CeO 2 (1 mass%) evacuated at 1073 K was assigned to charge transfer from oxygen to low coordinated Ce(III) and a band at 280 nm for the same sample before the treatment was assigned to charge transfer from oxygen to low coordinated Ce(IV). 5) On the other hand, in Ce-containing silica glass, it was claimed that Ce(III) exhibits absorption band around 320 nm due to the 4f-5d transition, while Ce(IV) exhibits one at shorter wavelength around 260-265 nm due to the electron transfer from ligand oxygen to Ce. 1, 6, 7) In another silica-supported CeO 2 system, the absorption band was observed at 280 nm on samples of low Ce content such as 1 mass%, and at 320 nm on samples of high Ce content such as 8 mass%. 8) Very unique spectra were also reported on silica-supported CeO 2 system of very low content such as 220 ppm, which were composed of several narrow bands in the 250-350 nm range. 8) In this way, although we could know the variation of Ce oxide species from the UV absorption spectra, the assignment seems not to have been well established on SiO 2 -CeO 2 system. In addition, since the UV absorption coefficient for each species is probably much different from each other and it can easily vary with their environments, 9) quantitative estimation of these species by UV spectroscopy would be difficult. Ce L III -edge XANES spectroscopy has been proposed as a useful method for the quantitative determination of the ratio of Ce(III) and Ce(IV), since both species exhibit each distinguishable absorption peaks. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] In the present study, a series of SiO 2 -CeO 2 samples were prepared by impregnation method followed by calcination in air and studied by Ce L IIIedge XANES through a curve fitting analysis in order to know the ratio of Ce(III) and Ce(IV) and assignment of the UV absorption band for these species on silica.
Experimental

Materials
Amorphous silica (SiO 2 , powder) was prepared from Si(OEt) 4 by sol-gel method followed by calcination in a flow of air at 773 K for 5 h. 23) BET surface area was 6:6 Â 10 2 m 2 / g. Silica-supported cerium oxide samples, Ce/SiO 2 , were prepared by an impregnation method; calcined silica (1 g) was impregnated by aqueous solutions of Ce(NO 3 ) 3 (20 mL), and heated to dryness. Thus, the obtained powder was dried at 383 K for 12 h in an oven and calcined at 773 K in a flow of air for 5 h. The Ce content (x mol%) was defined as x ¼ N Ce ðmolÞ=ðN Ce ðmolÞ þ N Si ðmolÞÞ Â 100 and referred as to Ce/SiO 2 (x). Unsupported CeO 2 sample was commercially obtained and calcined in air at 773 K for 5 h. Other chemical reagents such as Ce(NO 3 ) 3 , Ce 2 (SO 4 ) 3 , Ce(SO 4 ) 2 , Ce(OH) 4 were employed as reference compounds for XANES spectra.
Measurements
Specific BET surface area was calculated from the amount of N 2 adsorption at 77 K. Powder X-ray diffraction (XRD) patterns were recorded on a Rigaku diffractometer RINT 1200 using Ni-filtered Cu-K radiation (40 kV, 20 mA). Diffuse reflectance UV-vis spectra were recorded at room temperature on a JASCO V-570 equipped with an integrating sphere covered with BaSO 4 . Before recording a UV-vis spectrum, the sample was heated in air up to 773 K, and then evacuated. Subsequently, the sample was treated with 13 kPa of oxygen at 773 K for 1 h, followed by evacuation at 773 K for 1 h. Thus, the sample was transferred to the optical cell without exposure to atmosphere by using a specially designed in-situ cell.
Most of Ce L III -edge XANES spectra were mainly obtained at BL-9A station 24, 25) of Photon Factory, Institute of Materials Structure Science, High Energy Accelerator Research Organization in Tsukuba (KEK-PF, Japan), with ring energy of 2.5 GeV and stored current of 300-450 mA. The spectra were recorded with a Si(111) double-crystal monochromator in a transmission mode or a fluorescence mode at room temperature. High energy X-rays from high order reflections were removed by a pair of flat quartz mirrors coated with Ni. The energy was defined by assigning the first characteristic peak of the Cu foil spectrum to 8978.9 eV. 26) The spectrum of the Ce/SiO 2 sample of high Ce loading (>1 mol%) was recorded in a transmission mode. For determination of incident x-ray intensity, an ionization chamber (17 cm) filled with N 2 (30%)-He(70%) was used, and for transmission x-ray an ionization chamber (31 cm) filled with N 2 (85%)-Ar(15%) was used. As for the sample of low Ce loading (<1 mol%), the fluorescence mode was employed by using the Lytle-detector 27) for fluorescent xrays, whose ionization chamber (30 mm) was filled with Ar(100%), by using a Z-1 filter of Ti (t ¼ 6). The sample was pretreated at 773 K with 8 kPa O 2 for 1 h followed by evacuation for 1 h, and sealed with a polyethylene film in dry atmosphere. Some of samples was recorded at BL-7C station 28) of KEK-PF with a Si(111) double-crystal monochromator in the similar method to the above.
XANES analysis
Normalized XANES spectrum to the height of the edge jump was obtained through removal of contribution from absorption other than the L III -edge absorption by the Ce atom. 29) The curve fitting analysis of XANES spectra was carried out by using arctangent TðxÞ and Lorentzian LðxÞ functions (eqs. 1-3): [30] [31] [32] [33] [34] [35] [36] [37] 
where FðxÞ = calculated XANES, x = x-ray energy (eV), h = maximum intensity, E 3 , E 4 , E n = energy position of each edge or peak (eV), B = constant (eV), d = half width at half maximum (eV).
Arctangent curve shows the transitions from Ce 2p 3=2 to the continuum, while the Lorentzian curve represents transitions to unoccupied orbital or resonance. In order to estimate the ratio of Ce(III) to Ce(IV) quantitatively, we assumed that the spectra would be contributed from only Ce(III) and Ce(IV) species and the spectrum due to each species would be expressed by the sum of one arctangent curve and at least one Lorentzian curve (eq. 2). Using this assumption, the fraction of the arctangent curve (the ''height'' of arctangent) for Ce(III) will give us information about the relative ratio of Ce(III) to all Ce atoms in the sample.
In the present fitting analysis, Ce(NO 3 ) 3 was used as a reference compound for Ce(III) and CeO 2 was used for Ce(IV). Figure 1 shows the XANES spectra of these two compounds with the best fitting results. The values of fitting parameters are listed in Table 1 . The spectra was composed by six Lorentzian curves, called A, B 0 , B 1 , B 2 , C 1 , and C 2 following literature labeling 10) in addition to two arctangent curves, T 3 and T 4 . It has been reported that B 0 is assigned to a Ce 3þ species, and the other peaks due to Ce 4þ species. In fitting analysis, all of spectra could be simulated using the set of parameters listed in Table 1 . Although unsatisfied part remained for pre-edge region (5710-5720 eV for Ce(IV) in Fig. 1(b) ) and post edge region (above 5730 eV for Ce(III), 5742 eV for Ce(IV)), the best fitting was judged on the main features of the target spectrum ''by inspection'' as suggested in literature. 30) As for Ce(NO 3 ) 3 , the spectrum seems simply to consist of one arctangent and one large Lorentzian, where the threshold Table 1 ).
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(E 3 , 5726.1 eV) of arctangent for Ce(III), T 3 , conformed to the maximum energy position of Lorentzian for B 0 peak that is main clear feature of this spectrum. From this fitting result, the energy positions of the functions for Ce(III) was fixed to 5726.1 eV and the ratio of the peak height of these two functions was also fixed to 1.87 during the fitting analysis for samples. Ce 2 (SO 4 ) 3 , which was another Ce(III) compound, showed quite similar XANES spectrum (Fig. 2) , confirming the determined values on the position of the functions and the relative height of them (Table 1) should be available for the fitting analysis. The XANES spectrum of CeO 2 was a little complex, which was expressed by one arctangent T 4 and three major Lorentzians (B 1 , B 2 and C 2 ) with minor three components (A, B 0 and C 1 ). Since major peaks were different from that for Ce(III) species, the threshold of T 4 was assumed to be the same as that for B 2 , corresponding to the maximum of the spectra, 5730.2 eV. This assumption means that the threshold for continuum of Ce(III) and Ce(IV) was different from each other. The similar shift due to valence has been observed for rare earth. [31] [32] [33] [34] The relative height of B 2 to T 4 was determined to be 0.85 (Table 1) for CeO 2 .
During the fitting analysis for the prepared samples, the width of Lorentzian was fixed for each curve. Although the relative ratio of height among Lorentzian functions (B 1 , B 2 and C) and their relative height to T 4 were preferably treated to be constant, the best fitting showed some variation. As shown in Fig. 2 , the contribution of these peaks were not constant among three reference compounds; i.e., Ce(OH) 4 and Ce(SO 4 ) 2 exhibited different distribution on B and C peaks from that for CeO 2 although they exhibited similarly assignable peaks in common.
The XANES spectrum of CeO 2 showed a minor shoulder (B 0 ) at the energy position of Ce(III) species, which is mentioned as Ce(III) impurities in literature. 10, 11) During the fitting analysis of CeO 2 spectrum, the shoulder can not be discarded and it is treated as Ce(III) in this work because it was the same energy position as that of Ce(III). It can be considered that CeO 2 is an insulating mixed valence or interatomic intermediate-valence system having a mixture of multielectrons configurations 4f 0 and 4f 1 in the ground state. 12, 13) But it does not close any other possibilities that the B 0 peak might be formed due to a delocalization of 4f state 14) or a slight reduction of the oxide by the intense photon beam in experiment. 12) Figure 3 shows powder X-ray diffraction patterns of the samples. SiO 2 showed broad feature around 23 degrees (Fig.  3a) and CeO 2 showed clear three diffractions (Fig. 3g) . The Ce/SiO 2 sample containing 0.1 mol% exhibited only the broad feature due to amorphous SiO 2 support and no diffractions due to CeO 2 (Fig. 3b) . The sample of 2 mol% Ce showed very small diffractions due to CeO 2 over amorphous feature due to SiO 2 (Fig. 3c) . The Ce/SiO 2 containing over 4 mol% exhibited the diffractions due to CeO 2 crystallites (Figs. 3d-f ), indicating these samples have CeO 2 particles on silica support. The diffraction intensity of Ce/SiO 2 (2) (Fig. 3c) is much less than that of Ce/SiO 2 (4) (Fig. 3d) , indicating the particle on the former would have smaller particle size and/or less crystallinity than the latter. The halo diffraction due to silica amorphous phase of Ce/ SiO 2 (4) was smaller than Ce/SiO 2 (2), suggesting that the amorphous structure also would be changed when the cerium species aggregated and CeO 2 crystallites were formed. Figure 4 shows diffuse reflectance UV-visible spectra of the Ce/SiO 2 samples and bulk CeO 2 . The bulk CeO 2 , which is semiconductor, showed a large absorption band less than 420 nm (Fig. 4f) , which corresponds to the band gap transition from valence band to conduction band. The Ce/ SiO 2 sample containing 20 and 4 mol% exhibited also a large band (Figs. 4d and e) , where the absorption edge seemed to be shifted to shorter wavelength probably as results of due to quantum size effect, 38, 39) suggesting that Ce on silica existed as CeO 2 particles and their sizes would be smaller than unsupported bulk CeO 2 . In general, the quantum size effect is observed on the semiconductor particle of less than ca. 10 nm. Thus, the CeO 2 particles on silica in Ce/SiO 2 of large content around 4-20 mol% would be nano-sized CeO 2 particles.
The Ce/SiO 2 containing less than 0.1 mol% showed a small and narrow band at 265 nm probably due to a certain transition (Figs. 4a and b) . Similar result has been reported on literature and variously assigned as mentioned above. The Ce/SiO 2 (2) sample showed a complex band with shoulders at 265 nm and 300 nm (Fig. 4c) . This spectrum and XRD (Fig.  3c) implied that there were at least two kinds of Ce species, one was for low content sample and another was high content sample.
The results from XRD patterns and UV-vis spectra suggested that Ce/SiO 2 sample of lower content such as 0.1 and 0.01 mol% would dominantly have highly dispersed Ce oxide species exhibiting an absorption band at 265 nm and Ce/SiO 2 sample of higher content than 4 mol% would have mainly CeO 2 nano-sized particles exhibiting large and broad absorption band. Figure 5 shows normalized XANES spectra of the Ce/ SiO 2 samples and reference compounds. As mentioned above, the reference compound for Ce(III), Ce(NO 3 ) 3 , showed a large ''white line'' absorption, B 0 peak at 5726.1 eV (Fig. 5h) , while the reference of Ce(IV), CeO 2 , showed a complex spectra having two peaks above edge, B 2 and C 2 (Fig. 5g) . The Ce/SiO 2 samples also showed these peaks. The samples containing smaller amount of Ce showed B 0 peak dominantly with C peak as minor, while the samples of high content exhibited similar spectra to that of CeO 2 . The spectra of the samples could not be composed by the linear combination of only the two reference spectra of Ce(NO 3 ) 3 and CeO 2 . This means that Ce L III -edge XANES contains information about not only valence but also local structure, and the local structure certainly varied with the loading amount of Ce on silica surface. The highly dispersed Ce oxide species would have different local structure from the bulk CeO 2 as suggested from UV spectra. As a whole, however, the series of spectra implies that the XANES spectra were predominantly influenced by the valence of Ce. Thus, in order to get more quantitative information about valence of Ce, we carried out the fitting analysis in the manner described above. The best parameters for fitting are listed in Table 1 . The ratio of Ce(III) on each sample corresponds to the value of T 3 . It is obvious that every sample contains both Ce(III) and Ce(IV). The variation of the ratio of Ce(III) to all Ce atoms in the sample was plotted in Fig. 6 , showing that the ratio of Ce(III) gradually decreased with an increase of Ce content. It was confirmed that Ce cations in the highly dispersed Ce oxide species on silica has a tendency to become trivalent Ce(III) cations, while Ce cations in CeO 2 nano-particles mainly exist as tetravalent Ce(IV) cations.
Valence of Ce species
UV absorption species on Ce/SiO 2
The UV absorption band of the Ce/SiO 2 (0.01) sample seems closed to be symmetric (Fig. 4a) , suggesting almost one kind species are there. Since the major species on this sample was elucidated to be Ce(III) oxide species, it is proposed that the absorption band at 265 nm is assignable to Ce(III) oxide species that would be highly dispersed on silica. The assignment of transition mechanism, whether it is charge transfer or 4f-5d transition, could not be clarified in the present study.
The fraction of Ce(III) in Ce/SiO 2 (0.01) was estimated to be 74% from XANES analysis and that in Ce/SiO 2 (0.1) was to be only 35%. The band intensities of these two samples were roughly in proportion to the amount of Ce(III) in the sample and the band shape seemed similar to each other (Figs. 4a and b) . When the spectrum of Ce/SiO 2 (0.01) (Fig.  4a ) was multiplied by 8 ( Fig. 4g) , it was found that these curves were not exactly the same. This suggests that the fraction of Ce(IV) species dispersed on silica also show a broad absorption band less than ca. 400 nm to some extent though they exhibited lower coefficient for UV absorption than the Ce(III) species.
On the other hand, Ce(IV) species as major species in CeO 2 nano-particles dispersed on silica would exhibit similar absorption to that of the bulk CeO 2 (Figs. 4d and e) .
The Ce/SiO 2 (2) sample having Ce(III) of 13% showed two shoulders at 265 nm and 300 nm (Fig. 4c) and their intensities were almost the same. The former at 265 nm would be assignable to Ce(III), which was 13%, and the latter at 300 nm would be assignable to Ce(IV) in CeO 2 nanoparticle, which was 87%. This again confirms that the former has much higher absorption coefficient.
Conclusion
UV spectra and the fitting analysis of Ce L III -edge XANES spectra of silica-supported Ce oxide revealed the followings:
(1) the ratio of Ce(III) gradually increased with a decrease of Ce content, in other words, Ce cation in the highly dispersed Ce oxide species on silica has a tendency to be trivalent Ce(III) cation, (2) highly dispersed Ce(III) oxide species on silica would have different local structure from the bulk CeO 2 , (3) the highly dispersed Ce(III) oxide species on silica exhibited photoabsorption band at 265 nm with relatively high coefficient, while dispersed Ce(IV) oxide species exhibited broad absorption bands with low atomic coefficient. Research on Priority Areas (417 and 751) from the Ministry of Education, Culture, Sports, Science and Technology (MEXT) of the Japanese Government.
